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ABSTRACT 
In thispaperwepresent the firstestimatesand inventoryofpolycyclicaromatichydrocarbon (PAH)emissions
frommobile sources inmegacityDelhi, India for the period 1999–2006. The “COPERT 4”modelwas used to
estimate23–speciesofPAHsand5–congenersofpolychlorinateddibenzo–p–dioxins(PCDDs)anddibenzo–furans
(PCDFs)fromthegasoline,diesel,andCNG(compressednaturalgas)fuelledvehicles.

Ourstudyshows that the totalannualemissionsofє23–PAHs from road transporthas increased׽4timesand
emissionsofNapthalene(Nap)emergedasthemostprominent(8times),whereasatwoͲfoldincreasewasseen
forthecarcinogenbenzo[a]pyrene(BaP)andbenzo[a]pyreneequivalence(BaPeq)emissionsbetween1999and
2006fromtheroadtransportalone.FurtherincreaseintotalPCDDsandPCDFsby׽3timescanmadeairquality
evenworse. Estimated emission shareof lowmolecularweight PAHs (2–ring) has increased (from 43%–85%),
whereas vice–versa for oneswithhighmolecularweights. Switch–over toCNGespecially forpublic transport
resultedintoanoffsetof21%emissionsofє23–PAHs,14%inBaP,and15%inBaPeqfortheyear2006.Itisalso
observedthatthePAHemissionsfromCNGfuelledvehicleshavedecreased,butoverall increase intheshareof
privatevehicles(1.5times)hasoutweighedthisbenefit.
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1.Introduction

Polycyclicaromatichydrocarbons(PAHs)andotherpersistent
organic pollutants [POPs, e.g., polychlorinated dibenzo–p–dioxins
(PCDDs) and dibenzo–furans (PCDFs)] are of serious concern
becauseoftheirtoxicityandseverehealtheffects(Fiedler,2003).
In rapidly growingurban agglomerations like themegacityDelhi,
transport sector is amajor source of emissions of air pollutants
including PAHs and PCDDs/Fs. In order to check air pollutant
emissions from the transport sector, various norms have been
implementedinDelhiduringthelastdecade;suchasintroduction
of Euro–norms from 1999, phasing out of commercial vehicles
older than 8 years, and introduction of compressed natural gas
(CNG)asanalternativefuelinpublictransportfrom2001onward.
Subsequently, several studies (e.g., Goyal and Sidhartha, 2003;
Ravindraetal.,2006;Kandlikar,2007)haveevaluated the impact
of CNG on ambient air concentrations of various pollutants in
Delhi.However,noneofthesestudieshasaddressedtheimpactof
CNGonemissionsofhazardousairpollutants suchasPCDDsand
PCDFs.Tothebestofourknowledge,afewstudiesareavailableon
PAHconcentrations inambientair (Ravindraetal.,2006;Sharma
etal.,2007)andsoil(Agarwaletal.,2009;Rayetal.,2008)inDelhi
region,whereasnoemissionestimates(neithertotalnorsectoral)
areavailableforPAHs,PCDDsandPCDFs.Inthisstudy,wequantify
and assess the impact of implementation of CNG in public
transport system inDelhi on the emissions of PAHs, PCDDs and
PCDFs.Toachieve this,wehaveestimatedemissionsof (a)PAHs
(23–species)andPCDDs/Fs(5–congenerseach)intermsoftoxicity
equivalent factormainlyusing theCOPERT4model (Ntziachristos
et al., 2006), and (b) PAH species in terms of benzo[a]pyrene
equivalence (BaPeq) on the basis of its carcinogenic potentiality
(NisbetandLaGoy,1992;MalcolmandDobson,1994;Nielsenetal,
1996).

Section 2 briefly describes the study area. In Section 3,
methodologies for emission estimationofPAHs andPCDDs/Fs in
termsoftoxicityandBaPeqequivalences,andimpactassessmentof
CNGintroductionarediscussed.InSection4,wepresentemission
estimatesofPAHs (23–species),PCDDs/Fs (5–congeners) in terms
ofpervehiclecategory,ring–structure,perfuel–typeandBaPeq.In
Section 5 we compare annual emission estimates of PAHs (23–
species)withparticulate–boundambient concentrations inDelhi.
Section6discussespoints,whichneedtobelookedattoimprove
thefutureestimates,followedbytheconclusionsinSection7.

2.StudyArea

Delhi, thecapitalcityof India, isconfinedwithin76°50'E to
77°23'E (longitude)and28°12'N to28°53'N (latitude).Thecity
coversatotalareaof1483km2(ESD,2004).TransportwithinDelhi
ismainly road–based.Thenumberof registeredvehicles inDelhi
exceeds 4.8million (ESD, 2006) with total road length of about
28508km(resultinginveryhighvehicledensity(׽3.236/km2).



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3.MaterialsandMethods

PAHsaredefinedasagroupof chemicalshavingat least2–
benzene rings. Annual emissions of 23 following PAHs from the
roadtransportsectorDelhifortheperiodfrom1999to2006were
estimatedadoptingabottom–upmethodologyusingtheCOPERT
4 model: Naphthalene (Nap), Anthanthrene (Anth), Anthracene
(Ant), Phenanthrene (PA), Fluoranthene (Fl), Pyrene (Pyr),
Benz[a]anthracene (BaA), Chrysene (Chr), Benzo[b]fluoranthene
(BbF), Benzo[j]fluoranthene (BjF), Benzo[k]fluoranthene (BkF),
Benzo[e]pyrene (BeP), Benzo[a]pyrene (BaP), Perylene (Per),
Benzo[b]fluorene (BbFr), Indeno[1,2,3,–cd]pyrene (Ind),
Benzo[ghi]perylene (BghiP), Dibenz[a,h]anthracene (DBahA),
Dibenzo[a,l]pyrene (DBalP), Coronene (Cor), Triphenylene (Trp),
and3,6dimethyl–phenanthrene(DMP).

In this study,we present an emission inventory for exhaust
emissions of specific PAHs and congener specific PCDDs/Fs.We
havealsoestimatedPAHemissionsintermsoftoxicityequivalence
in the context of CNG implementation. Emissions have been
estimated for the following vehicular modes: motorized two–
wheelers (TW’s) and three–wheeled vehicles (THW’s), cars and
taxis, buses, heavy–duty commercial vehicles (HCV’s) and light
commercial vehicles (LCV’s). Fuels considered were gasoline
(petrol),dieseland compressednaturalgas (CNG),dependingon
themode.

Emissions have been calculated by taking into account the
vehicle numbers obtained from Economic Survey of Delhi (ESD),
(2005–2006) under each compliance class (uncontrolled, Euro–I
and Euro–II), fuel use (gasoline, diesel and CNG) and annual
average vehicle kilometer traveled (AVKT). The AVKTwas taken
fromMashelkaretal. (2002)andCentralRoadResearch Institute
(CRRI, 2006–personal communication with Dr. S. Velmurugan).
Euro–Iand IInormsforcarsandtaxieswere implemented inyear
1999and2000whereas thesenormswere implemented in2001
for other vehicle categories. Data used for vehicle number and
AVKTaregivenintheSupportingMaterial(SM)(FigureS1).Details
about thecomposition (%)ofvehiclesper fueluse for theperiod
1999 to 2006 were taken from Central Pollution Control Board
(CPCB),2001andaregiveninTableS1(seetheSM).

3.1.AnnualemissionestimationofPAHs

Emissionpervehicle category.TheannualemissionofPAHs ina
givenyear‘i’wascalculatedusingthefollowingequation:

7 2
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where, subscripts i represent theyear; j is the respectivevehicle
category,kisthecomplianceclass(uncontrolled,andEuro–IandII)
forthevehiclecategoriesj.Eijkistheannualemissionestimatesof
23–speciesofPAHs‘p’(inμg),Nijkisthenumberofvehiclesinyear
i, of category j and falling in compliance class k, AVKTijk is the
average annual vehicle kilometer traveled (in km), EFjkp is the
emission factorof vehicle category j falling in compliance class k
(μg/km).

Emissionfactors(μg/km)usedfordieselandgasolinevehicles
were taken fromCOPERT4whereas forCNG vehicles theywere
taken from other sources (see Table 1).  Abbreviations used for
PAHsandtheirringstructureintermsofnumberofbenzene–rings
are also given in Table 1. Eijk of PAHs estimated in μg is finally
convertedintokg.

Emissionasperringstructure.WehaveestimatedPAHemissions
aspernumberofringstomaketheresultscomparableintermsof
chemicalstructure.Sevengroupsofthe23–speciesofPAHswere
made based on their ring–structures (e.g., 2 to 7–rings). For
example,Napwastheonly2–ringPAHunderthepresentinventory
whereasPA,DMPandAntconstitutesof3–rings;BaA,BbFr,Chr,
Fl,andPyrof4;BaP,BbF,BeP,BjF,BkF,DBajA,DBahA,Per,andTrp
of 5;Anth, BghiP,DBalP and Ind of 6; and only Cor has 7–rings
(Table1).

Emissionperfueltype.Threesubcategoriesofvehiclesweremade
onthebasisoftheirfractionalfueluse(gasoline,dieselandCNG),
taking intoaccounttheirrelativenumberproportion(seetheSM,
TableS1)toestimatePAHemissionsperfuel–type.

AnnualemissionestimationofPAHs in termsofBaPeq.BaPwas
thefirstamongPAHswhichwasdeclaredcarcinogenic(Cooketal.,
1933)andusedasa“marker”tosetairqualitystandards(Nielsen
etal.,1996).Therelativecancerpotency(RP)ofPAHspeciesvaries
overtimebyreferringBaPas1(NisbetandLaGoy,1992;Malcom
andDobson,1994).WehaveusedRPobtainedfromthepublished
literature toassess thecarcinogenicpotencyofPAHsmixtures in
terms of benzo[a]Pyrene equivalent (BaPeq) with the help of
Equation(2)(seetheSM,TableS2).

ܶ݋ݐ݈ܽ ܤܽ ௘ܲ௤ ൌ ܧ௜ ܴ ௜ܲ (2)

where Ei is the annual emission of individual PAH andRPi is the
relativecancerpotency.

Quantificationof impactof implementationofCNGonPAHs.To
quantifytheimpactofCNGfuel,wefirstestimatedtheamountof
totalemissionsintermsofє23PAHs,ring–structure,andBaPeq,for
year2006,assumingthattheCNG–fuelwasnotintroduced.Then,
from these amounts we subtracted the actual emissions
(calculatedtakingintoaccounttheCNGfuel)toobtaintheamount
ofPAHsthatwerereducedasaresultofCNGuse.

3.2.EstimationofPCDDs/Fs

Sofar210differentcongenersofPCDDsandPCDFshavebeen
detectedworldwide (Zheng et al., 2008). In this studywe have
estimated only 5–congeners of PCDDs [tetra–(TeCDD), penta–
(PeCDD),hexa–(HxCDD),hepta–(HpCDD),andoctachlorodibenzo–
p–dioxin(OCDD)]andPCDFs[tetra–(TeCDF),penta–(PeCDF),hexa–
(HxCDF), hepta–(HpCDF), and octachlorodibenzo–p–furans
(OCDF)]. Equation (3) was used to estimate the emissions of
PCDDs/Fsasmentionedabove.

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
where, subscripts i represent theyear; j is the respectivevehicle
category,kisthecomplianceclass(uncontrolled,andEuro–IandII)
forthevehiclecategoriesj.Eijkistheannualemissionestimatesof
congenersofPCDDs/Fs ‘q’ (inpgoftoxicequivalent factor (TEF)),
Nijk isthenumberofvehicles inyear i,ofcategory jand falling in
complianceclassk,AVKTijkistheaverageannualvehiclekilometer
traveled (inkm),EFjkp is theemission factorof vehicle category j
fallingincomplianceclassk(inpg/kmofTEF).

The emission factor (pg/km) of PCDD/Fs used are given in
termsoftoxicequivalencyfactor(TEF)bytheNATO/CCMS(1998)
scheme, as given in COPERT 4 for diesel and gasoline vehicles.
Emission factor for CNG vehicleswere adapted from Slodowske
(2003)(seetheSM,TableS3).ThetoxicityofPCDDsisexpressedas
TEFwhere themost toxiccongenerTCDD is ratedas1.0 (Kutzet
al.,1990).


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Table1.Abbreviations,ringͲnumbersandbulkemissionfactors(μg/km)ofvarioustypesofPAHspervehiclecategoryusedinthepresentinventory
PAHs Abbrev. Ring
No.
Cars,taxiesTW’s,
THWs Cars,taxies Buses HCV’s LCV’s
Gasoline Diesel CNGa Diesel CNGa Diesel Diesel CNGa
Uncon. EuroͲIand
II Alltypes
EuroͲIand
II Alltypes EuroͲI Alltypes Alltypes
EuroͲIand
II
3,6dimethylͲphenanthrene DMP 3 4.27 0.09 3.05 0.18 n.a. 0.18 n.a. 3.05 0.18
Anthanthrene Anth 6 0.07 0.01 0.12 n.a. n.a. n.a. n.a. n.a. n.a.
Anthracene Ant 3 7.66 0.8 2.38 1.49 8.65 1.49 8.65 2.4 1.5
Benzo[a]anthracene BaA 4 0.84 0.43 3.0 0.37 2.39 0.37 2.39 3.00 0.37
Benzo[a]pyrene BaP 5 0.48 0.32 0.63 0.01 2.85 0.01 0.90 2.85 0.01
Benzo[b]fluoranthene BbF 5 0.88 0.36 0.6 n.a. 5.45 n.a. 5.54 3.30 n.a.
Benzo[b]fluorene BbFr 4 4.08 0.42 14.6 0.71 10.58 0.71 10.58 14.6 0.71
Benzo[e]pyrene BeP 5 0.12 0.27 6.7 0.03 2.04 0.03 2.04 6.7 0.03
Benzo[g,h,i]perylene BghiP  2.90 0.56 0.95 0.06 0.77 0.06 0.77 6.00 0.06
Benzo[j]fluoranthene BjF 5 2.85 0.06 0.24 n.a. 13.07 n.a. 13.07 0.24 n.a.
Benzo[k]fluoranthene BkF 5 0.30 0.26 0.19 0.01 2.87 0.01 2.87 6.09 0.01
Chrysene Chr 4 0.43 0.53 4.96 0.61 16.24 0.61 16.24 5 0.61
Coronene Cor 7 0.9 0.05 0.05 n.a. 0.15 n.a. 0.15 0.06 n.a.
Dibenzo[a,j]anthracene DBajA 5 0.28 0.05 0.11 n.a. n.a. n.a. n.a. 0.12 n.a.
Dibenzo[a,l]pyrene DBalP 5 0.23 0.01 0.12 n.a. n.a. n.a. n.a. 0.12 n.a.
Fluoranthene Fl 4 18.22 2.80 18.00 3.256 21.39 3.26 21.39 28.2 3.26
Indeno[1,2,3Ͳcd]pyrene Ind 6 1.03 0.39 0.70 0.01 2.54 0.01 2.54 1.40 0.01
Napthalene Nap 2 11.2 611 1375 19.66 56 19.66 56 1375 19.66
Perylene Per 5 0.11 0.11 0.44 n.a. 0.2 n.a. 0.2 0.44 n.a.
Phenanthrene PA 3 61.72 4.68 56.56 10.98 23 10.98 23 56.56 11
Pyrene Pyr 4 5.78 1.80 25.63 5.99 31.6 5.99 31.6 25.63 6
Triphenylene Trp 5 7.18 0.36 8.52 0.98 0.96 0.98 0.96 8.52 1
Dibenzo[a,h]anthracene DBahA 5 0.01 0.03 0.4 n.a. 0.34 n.a. 0.34 0.4 n.a.
Abbrevi.:Abbreviations;uncon:uncontrolledtype;n.a.:notavailable;aGragg(1995);Kadoetal.(2005);Hesterberg(2008)

4.ResultsandDiscussion

4.1.Emissionestimatesof23–PAHs

Total and per vehicle–category. Our estimations show that
between 1999 and 2006 the total emissions of є23 PAHs have
increasedabout4–times(from5778kgto25399kg)(Table2)due
tothesharp increase invehiclepopulationandusage.Becauseof
theirhighemission factorsandvehicleusage,theHCV’semerged
asanimportantsourceofBePandChremissionsfollowedbyTW’s
(see the SM, Figure S1). More details about the emission per
vehiclecategoriesaregivenintheSM(TableS4).Mostprominent
(8–fold)emission increasewasestimated forNap (from2476 to
21433kg)between1999and2006.The increasewas2 times for
other PAHs, including BaP (Table 2). Studies carried out in the
otherpartsof theworld (e.g.,Luetal.,2005)havealso reported
the road transport as a major source for Nap. The National
Toxicology Program (1992) has found some evidence for the
carcinogenicity ofNap by inhalation in femaleB6C3F1mice (see
theSM,TableS2).GiventhetoxicityofNapandsharpincreasein
its emissions from the transport sector, appropriate control
measuresarerequired.

Emission as per ring structure. Because of volatile and semi
volatilenatureof2–ringand3–ringPAHs,theiremissionfactorsfor
gasoline vehicles are high. Following the increase in gasoline
vehiclecategory,theproportionof2–ringPAHshasincreasedfrom
43% to 85% between years 1999 and 2006. Proportion of other
PAHs (>2–rings) was significantly less, and their relative
contributiondeclined from57% to15%between1999 and2006
[Figure1(I)].




Table2.AnnualemissionestimatesofPAHs (kg) from the road transport
sectorinDelhibetween1999and2006
Year Emission(kg/yr)
1999 2000 2003 2006
BkF 254 263 294 363
Pyr 38 39 45 54
Per 4 4 6 8
Anth 2 2 2 2
BbFr 149 154 163 169
BeP 17 19 18 26
Trp 200 204 232 222
BjF 101 104 111 110
DBajA 7 8 9 10
DBalP 6 6 7 7
DMP 117 119 135 124
BaA 31 32 39 49
Chr 53 55 56 78
PA 1725 1763 2029 2001
Nap 2476 2982 7929 21433
Ant 219 224 261 266
Cor 24 24 28 27
DBahA 2 2 2 3
Ind 32 33 40 48
BbF 40 42 47 57
BghiP 44 44 52 63
Fl 209 212 204 237
BaP 28 29 36 44
є23PAHs 5778 6365 11745 25401



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(I)

(II)

Figure1.TheestimatedannualPAHemissions from the road transport in
Delhi(1999Ͳ2006).(I)intermsofringͲnumbers,and(II)є23ͲPAHs,BaP,and
BaPeq.

Emissionperfueltype.Becauseofthesheerincreaseinnumberof
TW’sand cars fuelledwithgasoline, thesevehicleshave recently
emergedasdominantsources(70%–98%)ofPAHs.Shiftofdiesel–
fuelledvehiclestoCNG–fuelledhasresultedinadecline(׽half)in
emissions.Details related to thepercentagecontributionofPAHs
per fuel class (diesel,gasolineandCNG) from the road transport
sector inDelhibetween1999and2006aregiven inTableS5(see
theSM).

AnnualemissionestimationofPAHsintermsofBaPeq.Estimated
BaPeq emission trend shows that it has increased from 63kg to
108kgbetween1999and2006.Wehavealsocomparedestimated
BaPeqannualemissionwithє23–PAHsandBaP. Interestinglyboth
BaP and BaPeq have increased two–fold, whereas є23–PAHs
increased4–fold[Figure1(II)].

ImpactassessmentofCNGfuelintroduction.Toseetheimpactof
CNG fuel introduction on PAH emissions, we recalculated the
emissions under the assumption that CNGwould not have been
introduced inDelhi,keepingotherparametersunchanged for the
year2006.Wehavenoticedthatthereisasignificantreductionin
theemissionof2–ringPAHs (23%) followedby4–rings (17%),5–
rings(10%),3–rings(7%),6–rings(7%),andamarginalreductionin
7–rings (1%) in year 2006 after the mandatory introduction of
CNG–fuel in thepublic transport [Figure2 (I)].Also, reduction in
є23–PAHs (21%),BaP (14%),andBaPeq (15%)wasestimated for
thesameyear [Figure2 (II)].Emission factors forall23–PAHsare
notavailable forCNG–vehicles (Table1).However, theestimates
willbemorereliableifallrelatedEF’sareavailableinthefuture.




Figure2.Change(%)inthePAHemissionsfortheyear2006afterCNGͲfuel
in thepublic transport inDelhi. (I) in termsof ringͲnumbers,and (II) є23Ͳ
PAHs,BaP,andBaPeq.

4.2.TotalannualemissionestimatesandtrendsofPCDDs/Fs

The estimated annual emissions of total PCDDs and PCDFs
increased3–fold(from265to685mgand548to1395mg)oftoxic
equivalent factor (TEF) from 1999 to 2006 [Figure 3(I) and 3(II),
respectively]. All 5–congeners of PCDDs also increased 2 to 3–
times, similar to the PCDF congeners except for OCDF, that
remained the same. Details are shown in Figure 3. PECDD
contributedthemost(50%)tothetotalPCDDsfollowedbyTECDD
(37%), HXCDDs (10%), HPCDD (2%), andOCDD (1%) in the year
2006[Figure3(I)].IncaseofPCDFs,PECDFandHXCDFcontributed
39%and38%respectively,followedbyTECDF(17%),HPCDF(6%),
andOCDFtheleast(0.02%)[Figure3(II)].

5. Comparison of Our PAHs Emission Estimates with
Particulate–BoundAmbientConcentrationsinDelhi

Wecomparedourestimateswith theambientconcentration
data(CPCB,2003;Ravindraetal.,2006;Sharmaetal.,2007).

Ravindra et al. (2006), reported PAH concentrations from
two–sites ofDelhi and the total averagemean of Pyr, BkF, BaP,
Chr,DbahA,Ind,BbF,BghiP,Fl,BaPwere11.5ng/m3and4.5ng/m3
in the year 2003,whereas CPCB, 2003 reported 14.5ng/m3 and
22.3ng/m3 for the years 1999 and 2000 respectively.We also
comparedour estimateswith Sharma et al. (2007),however the
comparisonwas limitedtothose12–PAHsreported,andcommon
to our data (Table 3). Their datawas obtained from one site in
Delhi,asthissiteisknowntobeareceptorsite(Singhetal.,1997)
theestimatesof12–PAHscanbetakenasrepresentativeforDelhi
region. As shown in Table 3, a declining trend was observed
betweenouremissionestimatesandtheobservedconcentrations
forBaA+Chr,Ant,DBahA,BbF,andFlwhereas similar increasing
trendwasobservedforBghiP.


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
Figure 3. Estimated emission of (I) PCDDs, and (II) PCDFs from the road
transportinDelhi(1999Ͳ2006).

Table 3. Comparison of our annual estimates (12ͲPAH species) with
particulate bound ambient concentration (ng/m3) for the years 2002 and
2003
PAHs
Ouremissionestimatefrom
transportsector(Kg)a
Ambientconcentration
(ng/m3)b
2002 2003 2002 2003
Pyr 322 294 61 63
BkF 48 45 41 42
BaA+Chr 108 95 100 99
PA 2060 2029 31 31
Ant 264 261 28 27
DBahA 2 2 32 32
Ind 40 40 90 95
BbF 50 47 94 92
BghiP 52 52 101 106
Fl 231 204 67 66
BaP 36 36 22 20
aPresentstudy;bSharmaetal.(2007)

6. Uncertainties in the Present Emission Estimates and
FurtherScopeforImprovement

The present emission inventory has been developedwith a
numberofassumptions.Forexample, (i)wehaveestimatedPAH
emissions using COPERT 4 model, which is formulated for
European countries. Factors like road conditions,drivingpattern,
vehiclemaintenanceandfuelqualityforDelhiaredifferenttothat
ofEurope,thesemayhavebearingonouremissionestimates;(ii)
in the absenceof suitableEFs,COPERT4 EFswereused, though
there are differences in the vehicle technology of two–wheelers
(TW’s), cars, taxies, and three–wheelers (THW’s), which may
overestimate emissions from some (e.g. newer TW’s) and
underestimateforother(agedTW’s);(iii)unavailabilityofEFasper
complianceclass(uncontrolled,Euro–IandII)andCNG–vehiclesfor
PAHs, PCDDs and PCDFs; and (iv) non–availability of species–
specific emission factor data for the estimation of PCDDs and
PCDFsofCNGvehicles.

Withtheavailabilityofemissionfactorsaspertechnologyand
fuel–type under Indian conditions, better estimates of PAHs,
PCDDs/Fs could be achieved.Nevertheless, as no other study is
availableatpresent, toourknowledge, this studymaypresenta
baseline foremissionestimatestoactasabasis fordevelopment
ofmorecomprehensiveemissionestimatesfortheroadtransport
sectorofDelhiinfuture.Wehopethattheapproachandthedata
presentedinthispapercanbeofmuchvalueanduseforthepolicy
makerstoanalyzetheimpactoffuelchangeinthepublictransport
(e.g.,implementationofCNGfuel)anditsadvantagesinimproving
theairquality.

7.Conclusion

Firstattempthasbeenmadetocompileacompoundspecific
PAHs and congener specificPCDDs/Fsemission inventory for the
road transportofDelhi for timespanof1999–2006.Totalannual
emission of є23–PAHs has tremendously increased (׽4–times)
from1999 to2006.Mostprominent (8–times)emission increase
wasestimatedforvolatile–Nap,whereasitwasmuchless(2–fold)
for other PAHs including carcinogenic BaP and BaPeq. Annual
emissions of total PCDDs and PCDFs increased׽3–fold between
1999 and 2006. From fuel type perspective, gasoline vehicles
contributed the largest share (>75%) of total PAHs emissions,
whereastherestwasfromdiesel(<23%)andCNG(<2%)vehiclesin
2006. For the same year, itwas estimated that the relative age
offset in є23–PAHs, BaP, BaPeq associated with CNG impleͲ
mentation was 21%, 14%, 15%, respectively. Moreover, the
relative age offsetwas inversely proportional to the number of
rings (e.g.23% for2–ringand1% for7–ringPAHs).We find that
although the CNG implementation in public transport system
contributes to reduction inemissionsofhazardous airpollutants
(e.g. PAHs) its contribution is largely cancelled or nullified by
tremendous increase inprivategasolinevehicles.Also,wedidnot
findreductioninPCDDs/FsduetoCNG,whichneedstobefurther,
investigatedandclarified,aspresentestimationsofthesespecies
are based on emission factors derived from limited studies
conductedindevelopedcountries.
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Composition (%)ofvehiclecategoriesonthebasisofvarious
types of fuel–use in megacity–Delhi (1999–2006) (Table S1);
Classification of PAHs on the basis of IARC (2004) and EPA, and
respectivepotencyequivalentfactorusedtoestimateBaPeq(Table
S2); Emission factor of Dioxins (PCDDs) and Furans (PCDFs) in
toxicityequivalence(pg/km)(TableS3);Annualemissionestimates
of PAHs (kg/y) per vehicle category (1999–2006) (Table S4);
Emission contribution (%) of PAHs from various fuels (gasoline,
dieselandCNG)theroadtransportsectorinDelhibetween1999–
2006(TableS5);RegisterednumberofvehiclesandAverageannual
vehiclekilometertraveled(AVKT)inDelhi(1999–2006)(FigureS1).
This information is available free of charge via the Internet at
http://www.atmospolres.com.

 Kumarietal.–AtmosphericPollutionResearch2(2011)394Ͳ399 399
References

Agarwal,T.,Khillare,P.S.,Shridhar,V.,Ray,S.,2009.Pattern,sourcesand
toxicpotentialofPAHsintheagriculturalsoilsofDelhi,India.Journalof
HazardousMaterials163,1033–1039.
Central Road Research Institute (CRRI), 2006.Mathura Road, New Delhi
110025,http://www.crridom.gov.in/networked.html
CPCB, 2003. Polyaromatichydrocarbon (PAHs) in air and their effectson
humanhealth.PariveshNewsletter,November2003,CentralPollution
ControlBoard,MinistryofEnvironmentandForest,Delhi–32.
CPCB, 2001. Transport Fuel Quality for Year 2005. PROBES/78/2000–01.
PariveshBhawan,NewDelhi.
Cook, J. W., Hewett, C. L., Jieger, I., 1933. The isolation of a cancer–
producinghydrocarbon fromcoal tar.Part I, II,and III, Journalof the
ChemicalSociety,395–405.
ESD, 2005–2006. Planning Department Government of National Capital
TerritoryofDelhi,6thlevel,B–Wing,DelhiSecretariat,I.P.Estate,New
Delhi(India).
ESD, 2003–2004. Planning Department Government of National Capital
TerritoryofDelhi,6thlevel,B–Wing,DelhiSecretariat,I.P.Estate,New
Delhi(India).
Fiedler, H., 2003. Dioxins and furans (PCDD/PCDF). In: Fiedler H, editor.
Persistent Organic–Pollutants, The Handbook of Environmental
Chemistry. Anthropogenic Compounds, Springer–Verlag, 2003.
Heidelberg,p.123–201.
Goyal,P.,Sidhartha.,2003.Presentscenarioofairquality inDelhi:acase
study of CNG implementation. Atmospheric Environment 37, 5423–
5431.
Gragg, K., 1995. Emissions from two CNG Fueled Buses,ASBMotor Test
Center,1995,MTC9405B.
Hesterberg,T.W.,Lapin,C.A.,Bunn,W.B.,2008.AComparisonofemissions
from vehicles fueled with diesel or compressed natural gas.
EnvironmentalScienceandTechnology42,6437–6445.
IARC,2004.Listof IARCevaluations. InternationalAgencyforResearchon
Cancer, Lyon, France. Available from <http://monographs.iarc.fr/
monoeval/grlist.html>.
Kado,N.Y.,Okamoto,R.A.,Kuzmicky,P.A.,Kobayashi,R.,Ayala,A.,Gebel,
M.E., Rieger, P.L.,Maddox, C., Zafonte, L., 2005. Emissions of toxic
pollutants from compressednatural gas and low sulfurdiesel–fueled
heavy–duty transit buses tested over multiple driving cycles.
EnvironmentalScienceandTechnology,39,7638–7649.
Kandlikar,M.,2007.Airpollutionatahotspot location inDelhi:Detecting
trends,Seasonalcyclesandoscillations.AtmosphericEnvironment41,
5934–5947.
Kutz,F.W.,Barnes,D.G.,Bretthauer,E.W.,Bottimore,D.P.,Greim,H.,1990.
The international toxicity equivalency factor (I–TEF) method for
estimating risks associated with exposures to complex mixtures of
dioxins and related compounds. Toxicological and Environmental
Chemistry26,99–110.
Lu,R.,Wu,J.,Turco,R.P.,Winer,A.M.,Atkinson,R.,Arey,J.,Paulson,S.E.,
Lurmann, F.W., Miguel, A.H., EigurenͲFernandez, A., 2005.
NaphthalenedistributionsandhumanexposureinSouthernCalifornia,
AtmosphericEnvironment,39,489Ͳ507.










Malcom, H.M., Dobson, S., 1994. The Calculation of an Environmental
AssessmentLevel(EAL)forAtmosphericPAHsUsingRelativePotencies,
Report No. DoE/HMIP/RR/94/041, Department of the Environment,
London,UK.34–46.
Mashelkar,R.A.,Biswas,D.K.,Krishnan,N.R.,Mathur,O.P.,Natarajan,R.,
Niyati,K.P.,Shukla,P.R.,Singh,D.V.,Singhal,S.,2002.ReportofThe
Expert Committee on Auto Fuel Policy, New Delhi, Ministry of
PetroleumandNaturalGas,GovernmentofIndia,pp.48.
National Toxicology Program (NTP) 1992. Toxicology and Carcinogenesis
StudiesofNaphthalene(CASNo.91–20–3)inB6C3F1Mice(Inhalation
Studies). NTP TR 410. NIH Publication No. 92–3141. National
ToxicologyProgram,ResearchTrianglePark,NC.
NATO–CCMS,1988.InternationalToxicityEquivalentFactor(I–TEF)method
of risk assessment for complex mixtures of dioxins and related
compounds. Pilot study on international information exchange on
dioxinsandrelatedcompounds.ReportNo.176,NorthAtlanticTreaty
Organisation,CommitteeonChallengesofModemSociety.
Nielsen, T., Jorgensen, H.E., Larsen, J.C., Poulsen, M., 1996. City air
pollutionofPAHandothermutagens:occurrence,sources,andhealth
effects.ScienceoftheTotalEnvironment190,41–49.
Nisbet,C.,LaGoy,P.,1992.ToxicEquivalencyFactors (TEFs) forpolycyclic
aromatic hydrocarbons (PAHs). Regulatory Toxicology and
Pharmacology16,290–300.
Ntziachristos,L.,Samaras,Z.,Gkatzoflias,D.,Kouridis,C.,2006.COPERT4–
COmputer Programme to Calculate Emissions from Road Transpor,
European Environment Agency, Laboratory of Applied
Thermodynamics Mechanical Engineering Department Aristotle
University,Thessaloniki,Greece,Emissioninventoryguidebook,B710–
75,September2006.
Ravindra, K., Wauters, E., Tyagi, S.K., Mor, S., Van Grieken, R., 2006.
Assessment of air quality after the implementation of compressed
natural gas (CNG) as fuel in public transport in Delhi, India.
EnvironmentalMonitoringandAssessment115,405Ͳ417.
Ray,S.,Khillare,P.S.,Agarwal,T.,Shridhar,V.,2008.AssessmentofPAHsin
soil around the International Airport in Delhi, India. Journal of
HazardousMaterials156,9–16.
Sharma, H., Jain, V.K., Khan, Z. H., 2007. Characterization and source
identificationofpolycyclicaromatichydrocarbons(PAHs) intheurban
environmentofDelhi,Chemosphere,66,302–310.
Singh,A.,Sarin,S.M.,Shanmugam.,Sharma,N.,Attri,A.K.,Jain,V.K.,1997.
Ozone distribution in the urban environment of Delhi duringwinter
months.AtmosphericEnvironment31,3421–3427.
Slodowske, W., 2003. International Truck and Engine Company.
Proceedings of DEER 2003. 9th Diesel Engine Emission Reduction
Conference. August 24–28, Newport, Rhode Island,USA. URL:
http://www.orau.gov/deer/DEER2003/presentations/session5/3.%20Sl
odowske%20–%20SchoolBusEmissionsStudy–07112003Slodowske.pdf
Straif, K., Baan, R.,Grosse, Y., Secretan, B., ElGhissassi, F., Cogliano, V.,
2005. Carcinogenicity of polycyclic aromatic hydrocarbons. Lancet
Oncology6,931–932.
Zheng, Gene J., Leung, A.O.W., Jiao, Li Ping., Wong, M.H., 2008.
Polychlorinated dibenzo–p–dioxins and dibenzofurans pollution in
China: sources, environmental levels and potential human health
impacts.EnvironmentInternational34,1050–1061.
